Various prospective trials have been performed to assess the roles of allogeneic hematopoietic cell transplantation (allo-HCT) and chemotherapy in patients with acute myeloid leukemia (AML) in first complete remission (CR1). However, the results have not always been consistent and there has been a limited evaluation of quality of life (QOL) in these post-remission strategies. We performed a Markov decision analysis that enabled us to compare survival outcomes with a QOL evaluation using a database of 2,029 adult AML patients who achieved CR1. The Markov decision model compared 2 strategies: allo-HCT or chemotherapy in CR1. Patients who had intermediate-or unfavorable-risk AML had a longer life expectancy when they received allo-HCT in CR1 compared to those treated with chemotherapy alone. Likewise, those who had a suitable related donor who received allo-HCT in CR1 had a longer life expectancy. The life expectancy was shortened to a greater degree by adjustment for QOL in the allo-HCT group. Nevertheless, QOL-adjusted life expectancies in most of the subgroups remained longer in the allo-HCT group than in the chemotherapy group. Our results showed that older patients with a related donor and younger patients with unfavorable cytogenetics benefited the most from allo-HCT in CR1.
INTRODUCTION
Although 60 to 80 % of patients with acute myeloid leukemia (AML) achieve first hematological complete remission (CR1) with chemotherapy, a substantial number of patients have an individualized risk of relapse.
1 Allogeneic hematopoietic cell transplantation (allo-HCT) has been established as a powerful treatment modality to reduce the risk of relapse in patients with AML. However, this approach still leaves concerns associated with a certain probability of non-relapse mortality (NRM). While several prospective trials that used genetic allocation have been performed to clarify the roles of post-remission strategies, the results have not always been consistent.
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The role of allo-HCT in AML patients in certain subgroups, including intermediate-risk AML patients and elderly patients who have remained in CR1, remains unclear. A large meta-analysis that considered many of these prospective studies revealed that allo-HCT in CR1 provided survival advantages not only in an unfavorable-risk group but also in an intermediate-risk group. 10 Even with these numerous studies performed in a prospective setting, it is still controversial to simply define allo-HCT as a better decision because of concerns regarding various late effects such as graft-versus-host disease (GVHD) which might lower the quality of life (QOL) after cure of the disease.
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11 When it is combined with a Markov process, it gives a flexible analytical method that makes it possible to track clinical events that occur after a certain decision with different probabilities and desirability over time. patients.
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PATIENTS AND METHODS

Data source
The study protocol was approved by the Institutional Review Board at National Cancer Center Hospital. We constructed a new database that included the clinical data of adult patients (age 16-70 years) who were diagnosed with AML by the WHO classification between 1999 and 2006 and who had achieved CR1 after 1 or 2 courses of induction chemotherapy. Clinical information on over 2,600 patients was collected from 70 institutions across the country. Patients with biphenotypic leukemia who were treated with chemotherapy for acute lymphocytic leukemia, those who had extramedullar AML without marrow invasion, an extramedullary lesion that did not totally disappear after remission induction chemotherapy or acute promyelocytic leukemia, and patients who received autologous HCT in CR1 were excluded from the analysis. Consequently, a total of 2,029 patients were considered for this analysis.
Decision strategy
The primary decision examined in this study was whether or not to perform allo-HCT in AML patients who remained in CR1. Statistical analyses were performed as of 
Markov model
We constructed a Markov decision model to compare two strategies: performing allo-HCT in CR1 (HCT group) and continuing chemotherapy without allo-HCT in CR1 (CTx group, Figure 1 ). The possible health states that were considered to occur after each decision/strategy included, for the HCT group, 1) no relapse without GVHD, 2) no relapse with GVHD, 3) relapse, and 4) dead, and for the CTx group, 1) no relapse, 2) relapse, 3) second remission, 4) after salvage allo-HCT, and 5) dead. The "GVHD" state included chronic extensive GVHD. The "dead" state included death from any cause. A schematic of the tree file is shown in Figure S1 .
State transition probabilities
Transition probabilities between the states were calculated from the information in the database collected for this analysis as described above. The probabilities of state transition were allowed to vary over time. As a result, patients were distributed in various health states with different proportions along with cycle advances, i.e., as time advanced from CR1, as shown in Figure 2 . To take into account patients who were unable to receive allo-HCT in CR1 even though they had made a decision to For personal use only. on September 14, 2017. by guest www.bloodjournal.org From receive allo-HCT, patients who died or relapsed within 3 months from CR1 were excluded from the database when we calculated the probabilities. The cycle length between state transitions has previously been set at the time considered to represent the clinical features and decision-making process for the target disease. In a Markov decision analysis that targeted myelodysplastic syndrome, 14 the cycle length was set at 6 months. In this analysis which targets patients with AML, we chose a shorter cycle length (3 months) and the analysis was performed for 40 cycles (10 years).
The results are presented as life expectancy (LE), which is the average duration of life when patients are followed up for 10 years.
Quality of life utilities
We also assessed QOL-adjusted life expectancy (QALE) for the HCT and CTx groups. The time spent in each health state was adjusted for the estimated QOL that patients experienced while they remained in that state, which was represented by a utility value. In this study, utility values were derived from a questionnaire ( Figure   S2 ) that used a visual analog scale and was presented to 35 physicians who were familiar with the treatment of AML. Among them, 25 were physicians who were mainly involved in transplantation and 10 were mostly involved in chemotherapy with knowledge of transplantation. The utility values were expressed as numerical
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From values between 0 (a health state equivalent to dead) and 1 (perfect health) ( Table 1) , and were used to adjust for QOL by being multiplied by the expected length of life for each state in each cycle. For long-term survivors who developed chronic extensive GVHD, the utility value was changed based on the previously reported probability of the discontinuation of immunosuppressive treatment.
16,17
Comparison of HCT vs CTx in CR1, and sensitivity analyses Both LE and QALE were analyzed for the HCT group and the CTx group. LE and QALE, which represent the average expected duration of life in 10-year follow-up from CR1, were obtained from the area under the survival curves depicted by TreeAge Pro software. An annual discount rate of 3% was used for all analyses.
Subgroup analyses were performed based on patient age, the SWOG cytogenetic classification, 2 and donor availability. We performed sensitivity analyses to test the robustness of our conclusions. Variable measures that were tested in the sensitivity analysis included the range of patients that were excluded from the database on the assumption that they were unable to receive the decided treatment, the plausible range of QOL utilities, 95% confidence intervals of the state transition probabilities, and the age range of subgroups.
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RESULTS
Patients
A total of 2,029 patients were eligible for this analysis ( Table 2 ). The median age was 50 years and the median follow-up of the surviving patients was 49.8 months (range, 0.2-116.3 months). The proportions of patients with favorable, intermediate, unfavorable and unknown cytogenetic risk according to the SWOG criteria were 19%, 53%, 18% and 10%, respectively. Therapies performed at CR1 were allo-HCT in 494 patients (24%) and chemotherapy in 1,535 patients (76%, Figure 3 ). The HCT group included all the 494 patients who received allo-HCT in CR1. The median interval from CR1 to allo-HCT was 4.7 months (range, 0-37 months). Among those who were treated with chemotherapy in CR1, 118 patients who died or relapsed within 3 months were excluded when calculating state transition probabilities on the assumption that they might have decided to receive allo-HCT while they remained in CR1. As a consequence, 1,417 patients, including 478 who received allo-HCT after their first relapse, were included in the CTx group. The patients in the HCT group were younger and were more often associated with unfavorable features compared to those in the CTx group. haplo-identical related donor, 12). In both the donor and no-donor groups, subgroup analyses were separately performed by comparing patients who received allo-HCT in CR1 (HCT group) and those who did not (CTx group). Overall survival curves obtained by a Kaplan-Meier estimation of all of the patients registered in our original database stratified according to the SWOG classification and the treatment chosen in CR1 are shown in Figure S3 . Survival curves depicted by TreeAge Pro are compared with those reported in prior prospective studies 2, 6 in Figure S4 .
Markov decision analysis
The discounted LE and QALE for the HCT and CTx groups were analyzed for patients of all ages, younger patients (16-49 years) and older patients (50-70 years,
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Analysis of all patients
An analysis that included patients of all ages showed that LE in the HCT group was 3 months longer than that in the CTx group (69.7 months vs 66.7 months, Table 4 ).
After we adjusted for QOL, QALE in the HCT group was only 0.5 months longer than that in the CTx group (55.9 months vs 55.4 months). The life expectancy was generally shortened to a greater degree in the HCT group after adjustment for QOL. We also performed subset analyses based on the availability of a related donor.
Patients who were known to have an HLA-matched or 1-Ag-mismatched related donor (donor group) in the HCT group had a longer LE and a longer QALE than those in the CTx group (LE, 72.2 vs 63.0 months; QALE, 57.6 vs 49.9 months). On the other hand, in patients who did not have a suitable related donor (no-donor group), there were no differences in LE or QALE between the HCT and CTx groups (LE, 67.7 vs 67.0 months; QALE, 54.6 vs 54.4 months). Analyses of the donor and no-donor groups were also conducted using the database where the favorable-risk patients were excluded. There was almost no change in LE and QALE in the HCT group (less than a month) compared to the results obtained using the whole database. However, LE and QALE in the CTx group were shortened by several months by excluding the patients with favorable-risk AML from analysis.
Consequently, in the donor group, the differences of LE and QALE between the HCT and CTx group increased (LE, 72.0 vs 60.5 months; QALE, 57.2 vs 47.6 months). Meanwhile in the no-donor group, LE and QALE in the HCT group became longer than those in the CTx group (LE, 67.3 vs 64.2 months; QALE, 54.5 
Analysis of younger patients
For younger patients, LE and QALE were analyzed using the data from patients aged 16 to 49 years (median 35 years). In the HCT group, LE in younger patients was 6 months longer that that in older patients (71.4 vs 65.8 months). In the CTx group, LE in younger patients was longer than that in older patients by more than a year (73.2 vs 60.0 months).
Younger patients with favorable-risk AML had both a longer LE and a longer QALE in the CTx group than in the HCT group. Allo-HCT in CR1 among younger patients was associated with a longer LE in both the unfavorable-risk group (62.8 months vs 55.3 months) and donor group (73.0 vs 67.6 months). After we adjusted for QOL, these patients in the HCT group had a longer QALE than those in the CTx group (unfavorable, 48.7 vs 44.8 months; donor group, 58.3 vs 54.2 months).
Younger patients with intermediate-risk AML in the HCT group had a slightly longer LE than those in the CTx group (76.2 vs 75.1 months). However, QALE did not improve when they received allo-HCT in CR1 (62.0 vs 62.4 months).
Analysis of older patients
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The outcomes for older patients were analyzed using the data for patients aged 50 to 70 years (median 60 years). Older patients who received allo-HCT in CR1 had a longer LE than those who received chemotherapy in all subgroups, except for the no-donor group (intermediate, 68.5 vs 60.7 months; unfavorable, 61.6 vs 53.3 months; donor group, 73.4 vs 53.2 months). The data available for favorable-risk patients who received allo-HCT in CR1 were insufficient to perform an analysis.
Due to the large decrease in LE in the CTx group among older patients, differences in LE between the HCT and CTx groups became more prominent in older patients than in younger patients. Although the difference in the duration of life between the HCT and CTx groups decreased after we adjusted for QOL, we found that older patients in the HCT group had a longer QALE in intermediate-and unfavorable-risk groups. The difference in QALE between the HCT and CTx groups was most prominent among older patients who had a suitable related donor (donor group, 57.7 vs 40.4 months).
Sensitivity analysis and external validation
Sensitivity analyses were performed for the assumption of "patients who were unable to receive allo-HCT in CR1 despite the decision to perform allo-HCT", the plausible range of QOL utilities (Figures 5 and 6, and Figure S5 ), 95% 1 6 confidence intervals of the state transition probabilities and the age range. We found that the optimal decisions could be altered in both directions, allo-HCT favored versus CTx favored, by changing the population that was excluded from the database, changing the utility values within the plausible range of physicians' opinions, changing the state transition probabilities within the range of the confidence interval and changing the cut-off point for the age at which the age subgroups were divided. We also compared the overall survival curves depicted by TreeAge Pro software using our database with those obtained by a Kaplan-Meier estimation as reported in prospective studies from other countries. 2, 6 The curves had similar shapes ( Figure S4 ).
DISCUSSION
We performed a decision analysis that applied a Markov process to evaluate two post-remission strategies: allo-HCT and CTx in AML in CR1. Our results demonstrated that LE of patients with intermediate-and unfavorable -risk AML were longer when they received allo-HCT in CR1. We also found that those who were known to have a suitable related donor had a longer LE in the HCT group. After 1 7
adjustment for QOL, QALE in most of these subgroups remained longer in patients who received allo-HCT in CR1 than in those who received chemotherapy.
In subset analyses according to the cytogenetic risk, we showed that favorable-risk patients had a longer LE and a longer QALE in the CTx group, which is consistent with previous reports. However, the results in favorable-risk patients may not be reliable because only a few patients with favorable-risk AML received allo-HCT in CR1 and those in the HCT group may have had specific reasons (e.g. 2 courses of remission induction chemotherapy or antecedent hematologic dysplasia).
In intermediate-risk and unfavorable-risk patients, LE was longer in the HCT group. This result was consistent with that of a large meta-analysis. 10 If we integrate the assumption regarding the QOL obtained after the two strategies using utility values provided by physicians, the life expectancy was shortened to a greater degree in the HCT group. This observation may indicate that there are more concerns regarding the deterioration of QOL after allo-HCT than after chemotherapy alone.
However, we still found that QALE was longer in the HCT group, except for younger intermediate-risk patients.
In subset analyses based on donor availability, we found that patients who had an HLA-matched or 1-Ag-mismatched related donor had a longer LE and a longer relapse with GVHD' was set at 0.6 (range, 0.4-0.8) in our study, this value was set at around 0.9 in other studies. [13] [14] [15] 22 This trend was more prominent in the HCT group, which might indicate differences in approaches to estimating the same complications that may be due to ethnicity or differences in the contents of questionnaires. background and philosophy. We believe that a QOL validation by patients is an important issue and is worth being pursued in another study.
Our data surely reflect the nature of a retrospectively collected database, including a diverse heterogeneity in treatment strategies chosen after the achievement of CR1. However, it may be difficult to obtain a database that was collected purely prospectively, especially in patients who were treated with chemotherapy alone.
Therefore, we considered that this database, which consists of the clinical information for 2,029 patients, was sufficient for us to perform this analysis. Another concern is 1 that, since we collected clinical data on Japanese patients, the application of these results to other ethnic populations needs to be carefully evaluated. However, we have shown that the survival curves obtained from this analysis are similar to those reported in prospective studies from other countries. In decision analysis, p value is not used to show the "significantly" better decision. Sensitivity analysis is a way to investigate the robustness of our conclusions when various parameters are changed within a possible range. It might be difficult to draw a definite conclusion in this study since, as a result of the sensitivity analysis, a favorable decision could be switched to the other decision. Nevertheless, we have been able to show that a decision analysis with a Markov model can be effectively used to evaluate the QOL-adjusted survival outcomes of allo-HCT vs chemotherapy in CR1.
In summary, by using a Markov decision analysis based on an original database collected for this study, we have shown that patients with intermediate-and 
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As a result, the patients were distributed in each health state in changing proportions at different times from CR1.
GVHD indicates graft-versus-host disease
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From patients who died or relapsed within 3 months were excluded to take into account those who were unable to receive allo-HCT in CR1 even though they had made a decision to receive HCT in CR1. Consequently, 1,417 patients were included in the CTx group.
Among them, 478 received allo-HCT after first relapse. Donor group included the 431 patients who had a suitable related donor. No donor group included the 645 patients who did not find a related donor and 953 for whom HLA was not typed in CR1. 
